Phloem unloading plays a pivotal part in photoassimilate transport and partitioning into sink organs. However, it remains unclear whether the unloading pathway alters to adapt to developmental transitions in sinks, especially in fl eshy fruits accumulating a high level of soluble sugars. Using a combination of electron microscopy, transport of the phloem-mobile symplasmic tracer carboxyfl uorescein and assays of acid invertase, the pathway of unloading was investigated in different varieties of Chinese jujube fruit ( Zizyphus jujuba Mill. cv Dongzao and Lizao). Structural investigation showed that the sieve element-companion-cell complex of bundles feeding the fruit fl esh is symplasmically connected with surrounding parenchyma cells at the middle stage, and isolated during the early and late stages. Numerous plasmodesmata are present between phloem parenchyma cells and fl esh cells throughout fruit development. Confocal laser scanning images of carboxyfl uorescein unloading showed that the dye remained confi ned to the phloem strands during the early and late stages of fruit development, whereas it was released from the functional phloem at the middle stage. The levels of both the expression and activities of cell wall acid invertase and soluble acid invertase varied in an inverse pattern relative to fruit development. These results provided clear evidence for the predominance of an apoplasmic phloem unloading pathway interrupted with a symplasmic pathway and simultaneous symplasmic and apoplasmic unloading pathways in post-phloem transport during fruit development. Similar unloading pathways were obtained in different varieties of jujube fruit. The mechanisms and signifi cance of the adaptive switch in the phloem-unloading pathway during fruit development were discussed.
Introduction
The partitioning of sugars in economically important sink organs such as fruits or seeds is governed by several complex physiological processes, including photosynthetic rate, phloem loading in the source leaf, long-distance translocation in the phloem, phloem unloading in sink organs, post-phloem transport and metabolism of imported sugars in sink cells ( Oparka 1990 , Patrick 1997 . It is well accepted that phloem unloading and post-phloem transport play pivotal roles in regulating solute to, and its partitioning between, sinks and in the maintenance of sink strength, serving as a determinant of crop yield and plant productivity ( Fisher and Oparka 1996 , Patrick 1997 ) . Therefore, elucidation of the cellular pathway of phloem unloading and post-phloem transport is central to this process, because, to a large extent, the unloading pathway determines the key transport events responsible for assimilate movement from the sieve element to the recipient sink cells ( Fisher and Oparka 1996 , Patrick 1997 ) . The pathway and mechanism of phloem unloading have been investigated during the past 20 years ( Turgeon and Wolf 2009 ) , especially in vegetative sinks. In most sink tissues, such as vegetative apices ( Patrick 1997 , Imlau et al. 1999 , sink leaves ( Roberts et al. 1997 , Imlau et al. 1999 and potato tubers, which represent a typical terminal vegetative storage sink, a symplasmic phloem-unloading pathway predominates ( Oparka and Cruz 2000 , Viola et al. 2001 ). Symplasmic unloading is also involved in the maternal tissues of developing seeds, which represent a class of terminal reproductive storage sinks ( Patrick 1997 , Patrick and Offl er 2001 , Aoki et al. 2006 . In some cases, symplasmic unloading also occurs in stem elongation zones and in the mature axial path, where radial transport of assimilates from the phloem may follow symplasmic or apoplasmic routes ( Patrick and Offl er 1996 , van Bel 1996 ) . In contrast to vegetative sinks, the mechanism of sugar phloem unloading in fruits, including fl eshy fruits, which are another class of terminal reproductive strong storage sink, has received little attention and remains elusive.
To date, the mechanisms of sugar phloem unloading in fruits have only been reported for a relatively small number of species, such as citruses ( Koch and Avigne 1990 ) , tomatoes ( Ruan and Patrick 1995 , Patrick and Offl er 1996 ) , apples , walnuts ( Wu et al. 2004 ) and grape berries ( Zhang et al. 2006 ) . In contrast to the predominance of the symplasmic unloading pathway in vegetative sinks and young stems, existing studies showed that the phloem-unloading pathway varies greatly in different kinds of fruit according to sink type and developmental stage. For example, in citrus fruit, disruption of symplasmic continuity within the stalks of juice vesicles and [ 14 C]assimilate tracing provided some evidence for apoplasmic post-phloem transport ( Koch and Avigne 1990 ) . In apple fruits, phloem unloading follows an extensive apoplasmic pathway during whole fruit development . However, the phloem-unloading pathway varied within the different parts of the fruit or with fruit development. In walnut fruits, Wu et al. (2004) found that phloem unloading is symplasmic in the seed pericarp and apoplasmic in the fl eshy pericarp. In tomatoes, a symplasmic pathway operates in the early stages, but an apoplasmic pathway occurs later in fruit development ( Ruan and Patrick 1995 , Patrick and Offl er 1996 ) . In grape berries, using carboxyfl uorescein (CF) transport and green fl uorescent protein (GFP)-tagged viral protein movement, a shift in phloem unloading from the symplasmic to the apoplasmic pathway occurred in developmental onset of ripening in grape berries ( Zhang et al. 2006 ) . Viola et al. (2007) recently found that the symplasmic pathway is employed during bud growth following dormancy, whereas growth is initially prevented by substrate limitation mediated by symplasmic isolation in potatoes. It seems likely that the transition in the unloading pathway is closely related to the developmental stage of the sink. However, the mechanism underlying the transition and whether similar unloading patterns are followed in different species of fruit remain unknown.
Chinese jujube fruit ( Zizyphus jujuba Mill.) is one of the economically important organs in which sugar accumulation is a major determinant of yield and quality, but the phloemunloading pathway is still unknown. The present study aims at better insight into the phloem-unloading pathway in jujube fruit of different varieties. We found that the sieve elementcompanion cell (SE-CC) complex is symplasmically isolated from the phloem parenchyma cells at the early and late stages of fruit, and symplasmically connected at the middle stage. CF, a phloem-mobile symplasmic tracer, is confi ned to the functional phloem strands without apparent diffusion at the early and late stages, whereas it largely escapes the functional phloem by diffusion to the surrounding parenchyma cells at the middle stage. These results demonstrated the predominance of the apoplasmic phloem-unloading pathway interrupted by a symplasmic pathway and simultaneous symplasmic and apoplasmic unloading pathways in post-phloem transport throughout fruit development. Interestingly, the different varieties of jujube follow the same unloading routes. Furthermore, the amount of acid invertase localization at the cell wall also changed with fruit development.
Results
Structurally, the SE-CC complex is symplasmically connected to surrounding cells at the middle stage and isolated during early and late developmental stages
Although the fruit of the Chinese jujube is commonly considered as a drupe, a non-carpel disk was anatomically involved in the development of fruit ( Wang 1974 ) . The endocarp is fed with assimilates through the central carpellary bundles. The mesocarp, the edible portion, is mainly developed from the style meristem, which is fed with assimilates through the central and peripheral carpellary bundles ( Fig. 1 ) .
In order to assess the plasmodesmata connection between the SE-CC complex and the surrounding cells, including phloem parenchyma and fl esh parenchyma cells, the ultrastructure was observed, and the plasmodesmata densities at the interfaces between these cells were counted at selected stages ( Figs. 2 , 3 , Table 1 ). The results showed that plasmodesmata are practically present at the interface at the SE-CC complex and between the SE-CC complex and its adjacent parenchyma cells ( Fig. 3A, B ) at the middle stage of fruit. A large number of plasmodesmata were also observed at the interface between phloem parenchyma (PP) and fl esh parenchyma (FP) cells, and between PP and FP cells at the middle and late stages ( Fig. 3C-G , Table 1 ). Rich vessels adjacent to plasmodesmata showed active material transport in the cells ( Fig. 3C ). However, plasmodesmata were rarely observed at the interface between the SE-CC complex and its adjacent PPs at the late stage ( Fig. 3D ) , which is consistent with results obtained in the early stage (data not shown). It is noteworthy that some plasmodesmata channels were blocked by electron-opaque globules at the interfaces between the SE-CC complex and PP cells and between PPs during the late stage, whereas this phenomenon was not observed at the early stage ( Fig. 3F, G ) .
CF is confi ned to phloem strands at the early and late developmental stages of fruit, but is released into the surrounding parenchymal cells at the middle stage CF is often used as a fl uorescent marker of phloem transport and symplasmic phloem unloading ( Roberts et al. 1997 ) , and its behavior is similar to the pattern of assimilate unloading as determined by autoradiography ( Viola et al. 2001 ). When it is loaded into cells, the membrane-permeable and non-fl uorescent 6 (5) carboxyfl uorescein diacetate (CFDA) is degraded to 6 (5) carboxyfl uorescein (CF), a membrane-impermeable fl uorescent dye, by intracellular esterases. Our preliminary experiments found that CF supplied to the pedicel of the fruit or the stem near the pedicel reached the fl esh 6-8 h after CF loading. Confocal laser scanning microscopy (CLSM) images of CF movement in the fruits sampled 48 h after CF loading are presented in Fig. 4 (Dongzao) and Supplementary data (Lizao) (available at PCP Online). The unloading route for CF remained the same for the treated fruits collected at 60 or 72 h after CF loading (data not shown). A series of experiments conducted at the different stages showed that CF was strictly confi ned to the phloem strands along the phloem pathway in major and minor bundles at the early ( Fig. 4A ) and late ( Fig. 4B-I ) stages, either in transverse ( Fig. 4B, C ) or longitudinal ( Fig. 4D-I ) sections, whereas it was apparently released from the phloem strands into the surrounding tissues at the middle stage, as shown in major and minor bundles ( Fig. 4K, L ) . It is true that the amount of CF unloading declined at the end of the middle stage before the switch occurred in the unloading pathway ( Fig. 4J ). The same results were obtained in another variety (Lizao) shown in Supplementary data .
The membrane permeability agent digitalis saponins caused CF release into the surrounding parenchymal cells
To confi rm the above CF unloading pathways, we used the membrane permeability agent digitalis saponins to validate CF transport in phloem. The agent can render the impermeable membrane permeable, whereas the nuclear membrane remains intact. The agent was fi rst introduced into the fruit before CF introduction. The CF transport and unloading pathways were shown by CLSM ( Fig. 5A-C ) . CF was apparently released evenly from the phloem strands along the pathway from the basal (pedicel side) to the majority of minor bundles in the fl esh ( Fig. 5A-C ) . The results further demonstrated that CF was strictly confi ned to the phloem and transported through plasmodesmata, but not transmembrane transport. We also used 3-kDa Texas Red, a widely used xylem vessel tracer, to clearly distinguish phloem from xylem. Texas Red fl uorescence was seen in the xylem zone of the major and minor bundles of the fruit ( Fig. 5D-F ).
The localization and activities of cell wall acid invertase and soluble acid invertase during fruit developmental stages
Acid invertase ( β -fructosidase, EC 3.2.1.26), which converts sucrose into glucose and fructose, is present in the cell wall in an insoluble form or in the cytoplasm and vacuole in a soluble form, thereby allowing the continued exit of sucrose from the phloem ( Quick and Schaffer 1996 ) . The hexoses then enter sink cells, where they are reconverted to sucrose. To analyze the expression of cell wall acid invertase and soluble acid invertase during the developmental stages of fruit, an immunogold labeling experiment was conducted using antiserum raised against apple fruit invertases and the activities were determined. Fig. 6A -F indicates the localization and amounts of cell wall invertase. Fig. 6H shows the changes in enzyme activity detected at tissue level. These results showed that the amounts and activities of cell wall acid invertase increased slowly at the cell wall between the SE-CC complex, between the CC and PP cells, or between the PP and PP cells in the early stage, declined to a low level during the middle stage and then increased rapidly in the late stage, reaching a high level maintained until ripening ( Fig. 6A-F , Table 2 ). Compared with cell wall acid invertases, soluble acid invertases changed substantially in an inverse pattern. Only a small quantity of gold particles was found in the cytoplasm and vacuole during the early and late stages ( Fig. 6A , D-F , Table 2 ), whereas numerous gold particles were observed in the vacuole at the middle stage of fruit development ( Fig. 6B , C , Table 2 ). This held true in the vacuoles of SE, CC and PC ( Fig. 6A-F , Table 2 ). The activities of cell wall acid invertase and soluble acid invertase are consistent with the amounts of invertase present during the fruit developmental stages ( Fig. 6H ). It was noteworthy that no gold particles were found in any of the controls without the antiserum ( Fig. 6G ), or with preimmune serum controls (data not shown), indicating that the antiserum was specifi c and that non-specifi c labeling was negligible.
Discussion
The predominance of the apoplasmic unloading pathway interrupted by symplasmic unloading during jujube fruit development
The present cytological studies revealed that the SE-CC complex in the peripheral carpellary bundle is symplasmically isolated at the early and late developmental stages of fruit, whereas it is symplasmically interconnected with the surrounding phloem parenchyma cells at the middle stage. During the early and late stages of fruit, symplasmic isolation of the SE-CC complex was fi rst shown by the absence of plasmodesmata at the interface between the SE-CC complex and its surrounding cells ( Fig. 3 , Table 1 ). By contrast, the symplasmic connection of the SE-CC complex was shown fi rst by the presence of numerous plasmodesmata linking together the SE-CC complex and its surrounding cells at the middle stage ( Fig. 3 , Table 1 ). An in vivo functional investigation by real-time imaging of CF movement showed that the fl uorescence was confi ned to the phloem of carpellary bundles without apparent diffusion, confi rming the absence of symplasmic phloem unloading during the early and late stages ( Figs. 3 , 4 ) . The unloading route of CF remained the same, even when the samples were collected 48, 60 and 72 h after CF application (data not shown). However, fl uorescent CF escaped from the functional phloem of peripheral carpellary bundles through the plasmodesmata, which form a functional symplasmic route at the middle stage, showing the predominance of the symplasmic unloading pathway ( Fig. 4 and Supplementary data ). The introduction of the membrane permeability agent digitalis saponins into fruit, in which the plasma membrane was destroyed and the fl uorescence of CF apparently diffused from the phloem, further demonstrated that CF could only be transported via plasmodesmata and not transmembranously ( Fig. 5 ) . It is noteworthy that the homogeneous diffusion of fl uorescent CF in parenchyma cells in those fruits treated with digitalis saponins was defi nitely different from the uneven distribution of CF fl uorescence in untreated cells ( Figs. 4 , 5 ), providing further evidence that the phloem is functional, and the transport capacity in different bundles also differs. These data provide clear evidence for the apoplasmic unloading pathway at early and late stages and the symplasmic unloading route during the middle stage in jujube fruit. The same results were obtained for both the Dongzao and Lizao cultivars, revealing that the phloem-unloading routes varied according to the morphological and physiological changes associated with jujube fruit development, whereas they did not differ between different varieties ( Fig. 4 and Supplementary data ). In order to distinguish the phloem and xylem within the fruit, we successfully introduced 3-kDa Texas Red dextran into jujube fruit. The transport of Texas Red in the xylem and the fl uorescence of CF in the phloem strands showed that the methods we used are effective and that the results are reliable. It is believed that the continuous hydrolysis of sucrose by acid invertase at the apoplasmic unloading site increases the steepness of the sucrose gradient, leading to a faster unloading of sucrose from the SE-CC complex ( Patrick 1997 ) . Thus, the subcellular localization of acid invertase, which may change with plant or organ type, is considered to be directly related to the sucrose apoplasmic unloading pathway ( Frommer and Sonnewald 1995 , Quick and Schaffer 1996 , Patrick 1997 . Here, a number of gold particles representing acid invertase were observed in the cell wall of SE, CC, PP and FP at the early and late stages of jujube fruit, which provides the possible mechanism to degrade sucrose unloaded from phloem to the fruit apoplast. In contrast, symplasmic phloem unloading seems to depend more on soluble acid invertase than on cell wall acid invertase since more gold particles were observed in the vacuole than on the cell wall at the middle stage ( Fig. 6 , Table 2 ). The sucrose symplasmically imported from the phloem into PPs can be hydrolyzed for use by the vacuole-localized invertase, which may explain the apparent correlation of soluble acid invertase with the symplasmic phloem-unloading pathway during fruit development ( Fig. 6 ) . Zhang et al. (2006) reported that the localization of acid invertase in the vacuole transfers to the cell wall with the shift of phloem unloading from the symplasmic to the apoplasmic pathway at the onset of grape berry ripening ( Zhang et al. 2006 ) . Our study also found the phenomenon of the localization change of acid invertase with the switch in phloem-unloading pathway at late development. In addition, a large number of plasmodesmata between FPs, PPs, and FP and PP cells and the localization of cell wall acid invertase in these cells showed that symplasmic and apoplasmic unloading patterns are probably simultaneously implicated in post-phloem transport in jujube fruit ( Figs. 3 , 6 ).
The possible mechanisms of phloem-unloading pathway transition in fruits
As the unloading route may vary according not only to sink type, but also to sink development, sink function and even to growth conditions for a particular sink type, an alternative unloading pathway may exist in sinks with symplasmically interconnecting phloem ( Patrick 1997 , Roberts et al. 1997 , Oparka and Turgeon 1999 , Viola et al. 2001 , Itaya et al. 2002 . The transition of symplasmically and apoplasmically unloading pathways in jujube fruit, together with that in such sinks as grapes and potatoes ( Zhang et al. 2006 , Viola et al. 2007 ) lead us to ponder what are the possible mechanisms of phloemunloading route transition and the biological signifi cance for photoassimilate transport and fruit development.
Some studies have suggested that the predominance of a symplasmic unloading pathway is associated with greater transport capacity and lower resistance ( Patrick and Offl er 1996 , Patrick 1997 ) , and with the conductivity of plasmodesmata that connect companion cells to surrounding cells, which varies greatly, depending on the tissue type and its stage of development ( Turgeon and Wolf 2009 ). Lucas and colleagues demonstrated that the capacity for rapid and reversible switching between symplasmic and apoplasmic unloading routes coincides with the development of neck constrictions in the plasmodesmatal canals ( Lucas 1995 , Lucas and Lee 2004 ) , and structural changes in plasmodesmata could confer the capacity for pathway switching by pressure-induced plasmodesmatal valving ( Patrick 1997 ) . In the present study, the fruit undergoes enlargement in volume at the middle stage; therefore, a large number of plasmodesmata offers the possibility of a symplasmic unloading pathway and great transport capacity to facilitate rapid growth of fruit. Nevertheless, the decline in the numbers and blockage of plamodesmata may, to a certain extent, be responsible for the shift in phloem unloading from the symplasmic to the apoplasmic pathway at the late stage. The gold particles were counted on 10 ultrathin sections for each sample and fi ve samples were used at every fruit developmental stage. The values below are the means ± SD ( n = 50).
The membrane invagination, widespread in CC, PP, FP, enlarged the plasma membrane area to a certain extent, and abundant vesicles adjacent to the plasma membrane at the middle stage showed active transport via plasmodesmata, whereas the decline of the amount of plasmodesmata and appearance of sites of symplasmic blockage, where some plasmodesmata were blocked with an unknown electron-opaque material at the late stage ( Fig. 3 ) , provide the possibility for the transition of unloading pathway structurally. This is different from that in grape berries, where the amount of plasmodesmata did not change greatly, but the channels were blocked during the shift of unloading pathway ( Zhang et al. 2006 ) . Soluble sugars increase rapidly during late fruit development in some reproductive sinks, especially in some sugaraccumulating sinks. If phloem unloading were symplasmic and driven mainly by bulk fl ow and passive diffusion via plasmodesmata, the concentration gradient from the phloem to the fl esh cells would result in back-diffusion to the SEs ( Patrick 1997 ) . The apoplasmic pathway of phloem unloading, together with the hydraulic resistance in the fruit xylem ( Choat et al. 2009 ), may constitute an effi cient mechanism to hinder potential back fl ow out of the fruit. As the transition in unloading pathways coincides with fruit development and physiological characteristics, further work concerning the molecular and biochemical mechanisms of adaptive transition in phloemunloading pattern will be of particular importance in elucidating the correlation between photoassimilate transport and crop output.
Materials and Methods

Plant materials and chemicals
Chinese jujube ( Zizyphus jujuba Mill. cv Dongzao and Lizao) fruits from 5-to 7-year-old plants growing in the Fruit Research Institute of Beijing Academy of Agricultural and Forestry and shuntong commercial orchard of Beijing were used for experiments. Fruit age was determined by days after anthesis. According to the growth curve of jujube fruit ( Fig. 2 ) , most samples were collected at the following developmental stages: early developmental stage (30th after full bloom when the size of fruit was about 0.8 g fresh weight/fruit, conical fruit); middle developmental stage (70th after full bloom, when the size of fruit was about 6.5 g fresh weight/fruit, long-ovate fruit); late developmental stage (90th after full bloom, when the size of fruit was about 12.3 g fresh weight/fruit, elliptical fruit). The fruits were treated every 7 d for CF imaging and harvested every 10 d at different developmental stages for assays of acid invertases and soluble sugar content, were processed immediately or frozen in liquid nitrogen and stored at − 80 ° C until use. Antiserum against apple cell wall invertase was a generous gift from Dr Qiuhong Pan (College of Food Science and Nutritional Engineering, China Agricultural University, Beijing, China). Goat anti-rabbit IgG antibody conjugated with 10 nm gold was purchased from Amersham Pharmacia Biotech Ltd (Little Chalfont, UK). All other chemicals were purchased from Sigma, unless otherwise noted.
Tissue preparation for structural observation and immunolabeling
The method described by Zhang et al. (2004) was used. The vascular bundle zone ( Fig. 2 ) was cut into small cubes (about 2-3 mm 3 ), which were immediately fi xed with 5 % (v/v) glutaraldehyde in 100 mM precooled phosphate buffer (pH 7.0) for 6 h. The penetration of the glutaraldehyde buffer was improved by vacuum pumping. After an extensive rinse with precooled phosphate buffer (pH 7.0), the tissue cubes were post-fi xed in 1 % (w/v) OsO4 overnight at root temperature. Following another extensive rinse with the same buffer, the samples were dehydrated through a graded ethanol series (30-100 % ) and 100 % acetone, and infi ltrated for 24 h with Spurr at room temperature. Polymerization was conducted at 68 ° C for 8 h. Ultrathin sections (approximately 60-90 nm in thickness) were prepared using microtome (LEICAU6i) and mounted on 100-mesh copper grids coated with 0.25 % Formvar fi lm for the ultrastructural observation and immunolabeling experiment below (JEM-123O transmission electron microscope).
Measurement of plasmodesmal density and frequency
The method for measurement of plasmodesmal density was adapted from Kempers et al. (1998) and used in our previous study . Five-group series of transverse ultrathin sections were prepared from the Spurr-infiltrated fl esh samples, in which each group was cut at a distance of approximately 20 mm from the previous one. From each group, six pieces of ultrathin sections were picked at random and put on the copper grids of 100-meshes. Five scopes (each consisting of phloem and its surrounding PPs) were observed from each ultrathin section. Plasmodesmata were counted at all cell interfaces, i.e. the interfaces between SE and CC, SE and PP, CC and PP, and PP and PP (PP includes phloem parenchyma and fl esh storage parenchyma) in each selected field. The results of the plasmodesmal counting were given as the number of plasmodesmata per micron of specific cell-cell interface length on transversal section, which is referred to as plasmodesmal density (no. of plasmodesmata µm − 1 ).
Immunogold labeling
Specimen preparation and immunogold labeling were conducted essentially according to Zhang et al. (2001) . The ultrathin sections were etched with 560 mM sodium metaperiodate (NaIO 4 ) for 30 min and post-etched with 0.1 M HCl for 10 min. Following this etching, the sections were rinsed with Tris-buffered saline with Tween 20 (TBST) consisting of 10 mM Tris pH 7.4, 500 mM NaCl and 0.3 % (v/v) Tween 20 for 5 min, and then were incubated in TBST buffer containing 2 % (w/v) bovine serum albumin (BSA) for 1 h. All the above procedures were performed at room temperature. After a rinse in TBST buffer containing 2 % (w/v) BSA, the sections were incubated fi rst with rabbit antiserum directed against either soluble or cell wall acid invertase of the apple ( Malus domestica ) fruit prepared by Dr Pan ( Pan et al. 2005a , b) , and then with secondary antibody (goat anti-rabbit IgG antibody conjugated with 10 nm gold). The sections were fi nally double stained with uranyl acetate and alkaline lead citrate and examined with a JEM-123O electron microscope.
The specificity and reliability of the immunogold labeling were tested by two negative controls. In the first one, the antiserum was omitted to test possible non-specific labeling of the goat anti-rabbit IgG antibody-gold conjugate. In the second one, rabbit preimmune serum was used instead of the rabbit antiserum before immunogold labeling to test the specificity of the antiserum. More than three repetitions of the control experiments were conducted for each sample.
Enzyme protein extraction and assay
The enzyme exaction and assays of soluble or cell wall acid invertase activity were performed essentially as described previously ( Pan et al. 2005b ) . Briefl y, the extracting buffer A medium was composed of 50 mM HEPES-NaOH (pH 7.5), 10 mM MgCl 2 , 1 mM ethylenediamine tetraacetic acid, 2.5 mM DTT, 10 mM ascorbic acid, 5 % (w/v) polyvinylpolypyrrolidone. The slurry was passed through four layers of cheesecloth. The filtrate was centrifuged at 12 000 × g for 20 min and the supernatant was used for the assays of the soluble acid invertase. The residue, which was used for the preparation of cell wall-bound invertase, was rinsed with the same buffer without polyvinylpolypyrrolidone until the effl uent was free of proteins. From this material, cell wall-bound invertase was extracted in buffer A supplemented with 500 mM NaCl with gentle shaking for 24 h. After centrifugation, the supernatant was used for the enzyme assays of cell wall-bound invertase. All the extraction procedures were carried out at 4 ° C. Acid invertase activity was assayed in the soluble and insoluble fractions in 0.3 ml of 100 mM sodium acetate buffer pH 4.8, 0.1 ml of 100 mM Suc and 0.1 ml of enzyme sample, as described by Schaffer et al. (1987) . The reducing sugars produced were determined with the 3,5-dinitrosalicylic acid-based method according to Miller (1959) .
CFDA and Texas Red labeling
The CFDA labeling was carried out essentially as described previously . Each jujube fruit was labeled with approximately 100 µl of 1 mg ml − 1 CFDA aqueous solution (prepared from a stock solution in acetone). The CFDA solution was introduced into the fruit from pedicel or the stem near the pedicel ( Fig. 1A ) by a cotton thread immersed in a tube at one end and with the other end passing through the phloem zone of the pedicel. In order to avoid dye loss and fl uorescence quenching under sunlight, the tube containing CFDA solution was covered by silver paper. Jujube fruits were allowed to transport CF solution for 48-72 h and then harvested at selected times and quickly taken to the laboratory in an ice bucket. The tissues were subsequently sectioned and examined by CLSM. Attempts to introduce CFDA into the fruits from the leaves were conducted by the method of Roberts et al. (1997) . Whether CFDA was introduced from the pedicel or the stem near the pedicel or the leaf, the transport pathway in the fruit tissue remained the same, but the arrival of CF at the sampling site was observed from 4 to 6 h after pedicel loading or stem near pedicel loading, but from 16 to 17 h after leaf infiltration. Furthermore, CF sometimes failed to be transferred into the fruits after leaf infiltration since the dye was easily captured in the vacuole and could not enter the vascular system. On the other hand, the pedicel of jujube fruit of Dongzao was very crisp and easily broken. Therefore, the stem near pedicel CFDA loading method was used because of the high speed of transport and its more reliable effi ciency.
To distinguish xylem from phloem of the vascular system in fruit under CLSM, the detached CFDA-treated fruits were immediately immersed in a solution containing 1 mg ml − 1 of 3-kDa Texas Red-dextran (Molecular Probes) for half an hour before preparing the sections for examination under CLSM. However, the dextran sometimes failed to be transferred into the xylem of fruit via transpiration pull, which is probably due to a high resistance of xylem in the pedicel or within the fruit, and decline in xylem fl ow ( Choat et al. 2009 ). Then we tried another method in which the CFDA-treated fruits were fi rst sliced, and then immersed in the solution containing 3-kDa Texas Red-dextran (Molecular Probes). The bottom part immersing into the solution was cut and the remaining part was examined under CLSM. The results demonstrated that the method used was now reliable and effective and will facilitate the study of those fruits in which it is diffi cult to introduce some dyes or agents into xylem due to the high resistance of xylem in pedicel.
Digitalis saponins treatment
In some experiments, the membrane permeability agent digitalis saponins ( Randolph and Danishefsky 1995 ) (concentration 80 µg ml − 1 prepared from a stock solution in dimethyl sulfoxide) was fi rst introduced into the selected fruit before CFDA loading. Digitalis saponins treatment can make the plasma membrane permeable, while the nuclear membrane was still intact.
Tissue sectioning and microscopy
The CFDA-treated jujube fruits were harvested and quickly taken to the laboratory in an ice bucket. Before CLSM, the phloem of sink tissue was carefully cut freehand into transverse or longitudinal sections that were immersed immediately into 80 % (v/v) glycerol to prevent dye loss (for long-term preservation, immersion oil was used). Attempts to introduce Texas Red-dextran into the xylem from the sections as mentioned above were conducted in order to differentiate phloem and xylem.
A D-ECLIPSE C1 confocal laser scanning microscope (Nikon TE2000-E) was used to image CF and Texas Red-dextran transport as quickly as possible to minimize dye loss. CF was excited by the 488-nm beam produced by an argon laser. On occasions the detached fruits were allowed to transpire Texas Red-dextran after CF import; the sections were imaged first for CF by using blue (488 nm) light and immediately afterward for Texas Red-dextran by using green excitation (543 nm) light ( Roberts et al. 1997 ) . Images taken at the different wavelengths were then superimposed to reveal phloem and xylem transport on a single image of the section.
Soluble sugar determination
Briefl y, the frozen powders of fruits were homogenized and extracted in boiling water twice for 30 min each. The extraction was centrifuged at 3000 × g for 10 min and the supernatant was transferred to a volumetric fl ask. The soluble sugar content was determined by an anthrone colorimetric method at 620 nm and calculated according to the standard curve of sucrose samples.
Supplementary Data
Supplementary Data are available at PCP Online. 
